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Production and destruction of CF x radicals in radio-frequency
fluorocarbon plasmas

M. Haverlag,a) W. W. Stoffels, E. Stoffels, G. M. W. Kroesen, and F. J. de Hoog
Department of Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

~Received 14 August 1995; accepted 2 December 1995!

Spacially resolved densities of CF, CF2, and CF3 radicals in capacitively coupled 13.56 MHz
radio-frequency~rf! discharges in CF4and CHF3 were determined by means of infrared absorption
spectroscopy employing a tunable diode laser spectrometer. It was established that the station
CF2 density and density profile in a CF4 plasma depend strongly on the electrode material. This is
attributed to different sticking coefficients of CF2 on different surfaces. Furthermore, it was found
that the densities of all CFx radicals increase near the electrodes at high gas pressures and rf powe
in a CHF3 plasma. This leads to the conclusion that production of CFx radicals takes place in the
sheath region close to the electrodes. It is proposed that collisions between ions and source
molecules are responsible for this production of CFx radicals. In the presence of a destruction
process in the plasma glow~e.g., by three-body recombination with other radicals! and the absence
of a fast surface loss process this results in the observed increase of CFx densities near the
electrodes. In order to study the radical kinetics time dependent measurements were perform
during power modulation of the plasma. It was found that the decay time of the CF2 density in the
afterglow of a CF4 plasma is much shorter than the corresponding decay time in a
CHF3discharge. This suggests that the surface loss is relatively less important in the latter case
agreement with measurements of spatial density distributions. This is explained by the presence
a ~CFx)n layer, which is readily deposited on the electrodes in a CHF3 discharge, and by low sticking
probabilities of CF and CF2 radicals on such a layer. ©1996 American Vacuum Society.
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I. INTRODUCTION

Capacitively coupled radio-frequency~rf! plasmas are
widely used in the semiconductor industry fabricating sm
structures in semiconductor substrates using dry etch
cesses. Despite the fact that capacitively coupled rf plas
find many applications, the detailed mechanisms that are
sponsible for the production and destruction of the spec
present in the plasma are not yet totally clear. The influe
of plasma–wall interactions on the densities and kinetics
neutral radicals present in the plasma especially is still
well understood. In the last few years active spectrosco
techniques have been applied, like laser induced fluoresc
~LIF!1–4 and infrared absorption spectroscopy,5–9 that can
yield quantitative data on densities of species with good s
tial and time resolution. Measurements employing these
agnostics show that in capacitively coupled rf plasmas
some fluorocarbon gases a large part of the source gas
be converted into other stable fluorocarbon species an
etching reaction products and that radical densities re
typically a few percent of the total gas density.8

Boothet al.1 used LIF to measure the spatial distributio
of CF2 in a CF4 plasma with Al electrodes at several pre
sures. At 50 mTorr pressure and 0.4 W/cm2 rf power density
they found that the profile is more or less flat, except fo
small region near the rf powered electrode where the den
decreases towards the electrode. At 500 mTorr and 0.9

a!Present address: Philips Lighting B.V., Central Development Laborator
Lamps I, EEA-526, P.O. Box 80020, 5600 JM Eindhoven, The Neth
lands.
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cm2 rf power density they found that the CF2 density in-
creases significantly close to the rf electrode. At the same
pressure, but applying 0.4 W/cm2 rf power density, this in-
crease disappears almost completely. These results were co
firmed by measurements of Hansenet al.,3 who studied the
spatial distribution of CF2 using LIF in a 300 mTorr
CF4/O2/Ar ~87.5/10.4/2.1! plasma with electrodes made of
Al, Cu, and SiO2. With Al and SiO2 electrodes the effect was
comparable to the one found by Boothet al.1 With copper
electrodes the overall CF2 density is significantly lower than
with the other studied materials. Moreover, in this situation
the CF2 density is about 50% lower at the electrodes than in
the plasma, indicating that enhanced surface loss of CF2 oc-
curs when copper electrodes are used. Hansenet al. pro-
posed that catalytic destruction of CF2 occurs on copper
electrodes.3

A similar increase in the CF2 density near the electrodes at
higher gas pressures was observed5,8 by the authors of this
article using tunable diode laser infrared absorption spectros
copy in capacitively coupled rf plasmas in CHF3, C2F6, and
CF2Cl2 . In previous works CF2 production by chemical sput-
tering of a layer that is continuously deposited by other radi-
cals was suggested as a possible mechanism in explainin
the observed density increase near the electrodes. In order
test the validity of this hypothesis and establish which radical
is responsible for the deposition, it is necessary to determine
the spatial profile of all three CFx ~x51,2,3! radicals and to
check whether any of these radicals shows a clear drop in
density towards the electrode in the situation where an in-
crease in the CF2 density is observed. In this article measure-

ies,
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3846/14(2)/384/7/$10.00 ©1996 American Vacuum Society



-

a

4

l

385 Haverlag et al. : Production and destruction of CF x radicals 385
ments of CF, CF2, and CF3 will be presented as a function o
the axial position in both CHF3 and CF4 plasmas. Moreover,
the kinetics of all three radicals after plasma extinction a
initiation are studied to obtain more information on the pr
duction and loss processes, which result in the observed
tial distributions of the radical densities.

II. EXPERIMENT

The experimental setup and the measurement proced
have been explained extensively in an earlier article,5 so only
a brief description will be given here. The experiments we
performed in a 13.56 MHz capacitively coupled rf plasm
with a 12.4-cm-diam planar parallel-plate configuration a
3 cm electrode separation. The plasma generator can be
trolled directly from the measurement computer to allow f
time-resolved measurements after plasma initiation or
tinction. The infrared beam of a Laser Photonics tunable
ode laser system~TDLS! enters and exits the reactor throug
two BaF2 windows. The beam is aligned parallel to the ele
trodes and a system of lenses reduces the beam diamete
focuses it in the center of the reactor to obtain a spa
resolution of about 1 mm. After passing the reactor the
diation is focused onto a photovoltaic mercury cadmium t
luride ~MCT! detector. The wavelength of the laser beam
modulated by modulating the current through the laser dio
allowing for phase-sensitive detection by a lock-in amplifie
Absorption spectra are obtained by varying the dc laser c
rent. Good time resolution can be obtained when a h
modulation frequency is used and the time constant of
lock-in amplifier is kept small. In our case values of 30 kH
and 1–10 ms are used, respectively. To correct for a
changes in window transmission, partial blocking of the las
beam close to the electrodes, and laser intensity drift,
absolute laser intensity is measured after each spectrum.
is done by switching off the laser for a short time and me
suring the transient signal using an A/D converter. Th
yields the total intensity which is subsequently used to sc
the measured absorption spectrum. In the axial scans, w
the beam is situated less than 1.5 mm from the electrod
some laser intensity fluctuation is observed, probably due
reflections on the surface itself. These measurement po
have therefore been discarded. Measurements in the a
glow and in the initiation phase of the plasma were p
formed by a computer-controlled automatic procedure
which first a small part of the spectrum is determined w
the plasma on. Within this spectrum the center of the abso
tion peak of interest is determined and the laser current is
to the corresponding value. Then the plasma is switched
for some time~typically 0.5–1 s! and reignited again. This
procedure is repeated several times and the results are b
averaged to improve the signal-to-noise ratio.

III. IDENTIFICATION OF THE SPECTRA OF CF, CF2,
AND CF3

Identification of absorption lines of CFx radicals in fluoro-
carbon rf plasmas is a difficult task because of the over
JVST A - Vacuum, Surfaces, and Films
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of the radical absorption spectra with those of stable mol
ecules like CF4and C2F6. We use the fact that stable mol-
ecules are removed by the gas flow,10 while the radical den-
sities are flow independent. Thus, by comparing the spectr
for different gas flow rates the radical absorption lines can be
found. CF is a diatomic molecule, so it shows only one ab-
sorption band, with its origin located11 at 1286.1281 cm21.
This is very close to the band origin of the CF4 n3 band,
located12,13 at 1283.2 cm21. Therefore most of the strongest
CF transitions are found in a region where strong CF4 lines
are also present. However, we found two lines at 1298.28
and 1298.429 cm21 that we attribute to the2P3/2R~3.5! and
2P1/2R~3.5! transitions of CF, respectively, and which are not
close to any CF4 lines. In Fig. 1 the first derivative spectrum
of the 2P1/2R~3.5! transition~split into two components as a
result ofL-type doubling! in a CHF3 plasma is shown at two
flow settings. It is easy to distinguish the absorption lines of
CF, which are independent of flow from the CF4 lines which
disappear at high flow rates.

In the detection of CF3 similar problems are encountered.
The CF3 n3 band with its origin located14 at 1260.1619
cm21 overlaps strongly13 with both then3 bands of12CF4

and 13CF4 as well as then7 band of C2F6 located around
1250 cm21. However, arounds51269.05 cm21 we have
found a CF3 peak in the first derivative spectrum that is free
from any significant background of CF4 or C2F6. From a
simulation of the CF3 n3 spectrum in this region based on its
rotational constants14 it was found that this peak in the first-
derivative spectrum consists of a superposition of a few
strong lines in the CF3 spectrum. In Fig. 2 the first derivative
signal in a 100 mTorr CHF3 plasma is shown again for two
values of the flow rate. As in case of the CF spectrum, it is
easy to single out the CF3 lines, because CF3 is also not lost
by gas flow. However, as it is a superposition of severa
lines, the absolute CF3density cannot be easily obtained.

Compared to CF and CF3, the measurement of CF2 ab-
sorption is relatively easy. Although there is some minor
overlap between the CF2 n3 band (s051114.4435 cm21)
and the C2F6 n5 band around 1115 cm21, there are several

FIG. 1. Absorption spectrum of the vibration–rotation transition of the CF
fundamental band around 1298.42 cm21 in a 300 mTorr CHF3 plasma for
two values of the flow rate. The2P1/2R~3.5! transition is split into two
components due toL-type doubling. It is clear that CF is not removed by
gas flow.
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lines of CF2 available around 1096 cm21 which show no
overlap with the lines of any other species.5

IV. RESULTS AND DISCUSSION

A. Spatial profiles of CF, CF 2 , and CF3 in CHF3

In Fig. 3 the relative CF2 densities as a function of the
axial position in a CHF3 plasma at 300 mTorr are shown fo
two values of the rf power~0.83 and 0.083 W/cm2). The
axial profiles were scaled using the density values at 15 m
It can be seen that at high rf power density the CF2 density
increases considerably near the electrodes but is relati
constant over the glow region of the plasma. To make s
that this effect does not result from possible temperature g
dients in the plasma, the temperature of CF2 ~obtained from
the linewidth! was determined as a function of the axi
position.15 It was established that the temperature in bo
CHF3 and CF4 plasmas is, at most, several degrees ab
room temperature and does not depend on the axial posi
At low rf power density the increase of the CF2 density near

FIG. 2. Absorption spectrum of then3 transition of the CF3 radical around
1269.1 cm21 in a 100 mTorr CHF3 plasma for two values of the flow rate
Although there is a large contribution of CF4 transitions, one CF3 transition
that is free from overlap with CF4 can be identified. It can be seen also th
CF3 is not lost by gas flow.

FIG. 3. Spatial profile in the axial direction of the CF2 density in a 300
mTorr CHF3 plasma for two values of the rf power. The rf powered ele
trode and the grounded electrode are situated atz50 andz530 mm, respec-
tively. The values were scaled using the densities atz515 mm. The density
increase near both electrodes disappears at low values of the rf power
J. Vac. Sci. Technol. A, Vol. 14, No. 2, Mar/Apr 1996
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the electrodes disappears completely, in agreement with the
LIF measurements of Boothet al.1 who found a similar be-
havior in CF4 plasmas.

To investigate the production mechanism of CF2 near the
electrodes also the axial profiles of CF and CF3have been
determined. Figure 4 shows the axial profiles of CF, CF2,
and CF3 for a 300 mTorr, 0.83 W/m2 CHF3 plasma. It is clear
that for these conditions a significant increase in density for
all radicals is observed at both electrodes.

From the dependencies of the three CFx radicals it appears
that surface production of CFx radicals takes place. The fact
that the same behavior is observed for all three radicals
means that the previously suggested mechanism,5 according
to which the production of CF2 near the electrodes is caused
by chemical sputtering of a~CFx)n layer that is continuously
deposited on the electrodes by other radicals, cannot explain
the observed profiles. Alternatively, in the same article it was
suggested that ion–molecule reactions in the sheath could
produce radicals in the sheath regions close to the electrodes
A possible problem with this mechanism is that the fluxes of
CFx , produced in the sheath region of a CHF3 plasma~which
can be calculated from the observed CFx gradients and the
diffusion coefficient! are more than an order of magnitude
higher than the ion fluxes that can be calculated from the ion
densities at the sheath edge and the Bohm velocity:

neutral flux:F rad5D rad]nrad/]x'331020m22 s21, ~1!

ion flux:F ion5nionvBohm'331019m22 s21. ~2!

Here the diffusion coefficient of CF2 in CF4, determined by
Arai et al.16 Drad50.02 m2 s21 was substituted and the CF2
density gradient has been determined from Fig. 4. The ion
density was measured by Haverlag:13 n1 5 1017m23 and the
Bohm velocityvBohm in an electronegative plasma is about
300 m/s.17

Equations~1! and ~2! show that radical production by
recombining positive ions at the surface cannot account for
the observed phenomena. On the other hand, the positive
ions are the only active species in the sheath that can produce
large amounts of radicals. Therefore in a CHF3 plasma at

.

at

c-

.

FIG. 4. Measurement of the axial profile of the CF, CF2 , and CF3 density in
a 300 mTorr CHF3 plasma at 100 W rf power. The densities have been
scaled using their values atz515 mm.
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pressures around 300 mTorr we have to assume that each
that enters the sheath produces at least ten radicals the
order to explain the observed radicals fluxes.

The fact that inelastic ion–molecule collisions do inde
occur in the sheath has been shown by Snijkers,18 who mea-
sured the energy spectra of several ions arriving at the rf
grounded electrodes of a CF4 plasma. Since in the ion energ
spectra at higher pressures (.50 mTorr! the primary saddle
structures are completely absent and most of the ions re
the electrodes with low energies, it can be concluded that
ions must have undergone several inelastic collisions bef
arriving at the electrodes. To illustrate how these collisio
could result in radical production, the following set of rea
tions ~along with the energy differences between the situ
tions after and before the reactions! is given as an example o
possible sheath radical production in a CF4plasma:

CF3
11CF4→CF112F ~18.08 eV), ~3!

CF11CF4→CF3
11CF2 ~10.3 eV!, ~4!

CF3
11CF4→CF4

11CF3→CF3
11F1CF3 ~16.2 eV), ~5!

CF11CF4→C11CF41F ~15.59 eV!, ~6!

C11CF4→CF3
11CF ~21.78 eV!. ~7!

Here reactions~3! and ~4! would produce CF2 , reaction~5!
would produce CF3, and reactions~3!, ~6!, and ~7! would
produce CF. Of course there are many other reactions p
sible that could end up in the production of radicals. Since
the end of these sets of reactions the original ion is ag
obtained, the reaction chain could in principle be repea
several times, thus producing several radicals per incom
ion. Similar reactions can occur in a CHF3 plasma. From
reactions~3!–~7! it can be seen that the energy needed
produce CF2 or CF3 is 6–8 eV. Since the ions in principle
can gain a potential energy given by the sheath volta
(.100 V!, this means that each ion can yield up to 20–
radicals, which is more than enough to explain the increa
radical production in the sheath and consequently the
served density profiles. The fact that the increase of the ra
cal density near the electrodes almost disappears at low
power~see Fig. 3! can then be explained by the fact that th
sheath voltage decreases with decreasing power and th
fore less radicals are produced per ion at low power leve

A problem with the proposed mechanism is that there
no cross sections available for reactions like~3!–~7! which
makes it impossible to check whether the cross sections c
cerned are high enough to explain our observatio
Snijkers18 gives values of 10221–10218 m2 depending on
whether the ion and neutral in the charge exchange collis
are of the same species or not. It is therefore difficult to fi
out which ion–molecule reactions actually could be t
cause of radical production in the sheath. Nevertheless, th
are still many indications that inelastic collisions are th
dominant mechanism of energy dissipation for ions in t
sheath. Recent measurements have shown that the tra
tional temperatures of all species in the plasma are cons
over the volume and are close to room temperature for
JVST A - Vacuum, Surfaces, and Films
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plasma conditions.15 Baggermanet al.19 have shown that
most of the rf power in capacitively coupled rf plasmas is
dissipated by ions in the sheaths, while the measurements o
Snijkers suggest that the energy of the ions reaching the elec
trodes is much lower than the plasma potential. If the ionic
energies were to be dissipated by elastic collisions, this
would result in considerable heating of the gas, which is not
observed in these plasmas. Therefore it is likely that most o
this power is put into the dissociation of radicals.

Note that the CF2 radical flux from the surface, given by
Eq. ~1! F rad5331020 m22 s21 corresponds to a volume pro-
duction rate of 2F radAel /Vpl5531021 m23 s 21, whereAel

andV pl denote the electrode surface and the plasma volume
respectively. This is comparable to the volume production of
CF2by electron impact dissociation:13 kneno5 5310216

~1015! ~1022! m23 s215531021m23 s21. This can explain the
flatness of the axial profile in the glow region, indicating that
in the glow there is an equilibrium between the gas phase
production and gas phase loss. The latter may take place b
three-body recombination with, e.g., F radicals.13

B. Dependence of profiles on the electrode material

In Fig. 4 the axial CF2 profile is given for the case of a
CF4 plasma, but now using different electrode materials. In
CF4 plasmas the absolute densities of CF2 are about six to
eight times lower as compared with CHF3 plasmas at the
same conditions. Since in a CF4 plasma no polymer-like
layer is deposited on the electrodes~as happens in a CHF3
plasma at this pressure!, the electrodes stay clean20,21and the
electrode material may have an influence. In Fig. 5 it can be
seen that the characteristic increase close to the electrode
does not happen with copper electrodes. Instead, a significan
decrease is observed close to the electrodes. Moreover, th
overall CF2 densities are about 50% with copper electrodes
as compared to Al electrodes. These results agree very we
with the findings of Hansenet al.3

It is clear that the presence of copper electrodes induces
decrease of the CF2density near the electrodes, whereas the
density profile in presence of aluminum electrodes is compa
rable to the profiles found in a CHF3 plasma. This indicates

FIG. 5. Axial profile of the CF2 density in a 300 mTorr CF4 plasma and 100
W rf power in aluminum and copper electrodes. The characteristic increase
of the CF2 density is not observed when copper electrodes are used.
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that copper electrodes are a large sink of CF2 radicals. Most
likely radicals are also destroyed at the aluminum electrod
but the reaction probability must be lower. This can be e
denced by comparing the absolute radical densities in
plasma using clean aluminum electrodes and electrodes
ered with~CFx)n . Figure 6 shows the CF density profiles i
a CHF3 plasma at 50 mTorr for both cases. For this lo
pressure the profiles are flat, which can be attributed to
hanced diffusion and reduced gas phase losses. It can be
that the absolute CF density in the presence of a clean e
trode is only about half the density as that obtained w
covered electrodes. From these data we can conclude
there is always a surface loss of radicals, the reaction pr
ability being dependent on the wall material. This indicat
that diffusion loss to the electrodes can play a major role
the loss processes of CF2 radicals. This is not necessarily in
contradiction with the fact that an increase is observed in
CF2 density near the aluminum rf electrode. The producti
of CF2 takes place in the sheath region, as described in S
IV A and a decrease of the CF2 density very close to the
electrodes can be observed. Such a decrease~;1.5 mm
above the electrode! has indeed been reported by Boo
et al.1 A similar decrease very close to the electrode can a
happen in a CHF3 plasma, where a polymer-like layer i
deposited on the electrodes. However, the sticking proba
ity of CF2 on such a layer is low,22 so surface losses are
expected to be less important than in a CF4 plasma.

C. Densities of CF x radicals in pulsed fluorocarbon
plasmas

In Figs. 7 and 8 measurements are shown of the C2

density in pulsed CHF3 and CF4 plasmas. It can be seen i
Fig. 7 that the buildup of CF2 density during the initiation
phase of a CHF3 plasma takes place on a much faster tim
scale than the decay in the afterglow. If CF2 is produced by
electrons or other charged species, the production should
more or less instantaneous, since the densities of cha
species stabilize within a few tens of microseconds.13 There-
fore the buildup time constant is in fact the time constant
CF2 loss in the plasma. Both the buildup and decay rates

FIG. 6. Axial profiles of CF in a CHF3 plasma at 50 mTorr, one with clean
electrodes and one after depositing a thick~CFx)n layer on the electrodes
using a high pressure CHF3 plasma. The rf power is 100 W in both cases
J. Vac. Sci. Technol. A, Vol. 14, No. 2, Mar/Apr 1996
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CF2 are about one order of magnitude faster in CF4 as com-
pared to CHF3.. In a CF4 plasma the time scales for the
buildup and decay of the CF2 density are comparable. To get
an idea of the buildup and decay rates the data have been fi
using a first-order exponential. The results are given in Figs.
9 and 10. It can be seen in these figures that in a CF4 plasma
the time constants increase as a function of pressure, wherea
in CHF3 plasmas the time constants appear to be more or less
constant with pressure.

The fact that the buildup of CF2 after the ignition of a
CHF3 plasma is much faster than the loss in the afterglow
suggests that during plasma operation the loss rate of CF2 is
significantly higher than in the afterglow. This confirms the
conclusion, following from the hollow radical density pro-
files ~Fig. 4!, that gas phase loss processes are responsible fo
a large part of the total loss of CF2. Moreover, in a CHF3
plasma the fact that the decay and buildup time constants
decrease slowly as a function of pressure~Fig. 9! again in-
dicates that diffusion loss to the electrodes probably does not
play an important role. Since in a CHF3 plasma at higher

.

FIG. 7. Measurement of the relative density of CF2 as a function of time in
a modulated CHF3 plasma at 300 mTorr gas pressure and 100 W rf power. It
can be seen that the buildup of the CF2 density during plasma initiation is
much faster than the loss in the afterglow of the plasma. This suggests that
during plasma operation gas phase loss of CF2 plays an important role.

FIG. 8. Measurement of the relative density as a function of time in a
modulated CF4 plasma at 300 mTorr gas pressure and 100 W rf power. Both
buildup and decay are much faster in CF4 as compared to CHF3 plasmas.
Moreover, the buildup time constant is in the same order as the decay time
constant.
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pressures the electrodes are covered with~CFx)n material,
this confirms that the sticking probability of CF2 on these
surfaces is low. This has been established by Grayet al.22

who found the self-sticking coefficient of CF2 to be
1023–1024.

In a CF4 plasma the buildup and loss rate are comparab
~Fig. 10!. This suggests that in CF4 plasmas the loss rate of
CF2 in the plasma is probably not much higher than in th
afterglow. Furthermore, in CF4 plasmas the time constants
increase more or less linearly as a function of the gas pre
sure. This confirms the conclusion in Sec. IV B, that, in pre
ence of clean electrodes, diffusion loss of CF2 to the elec-
trodes is an important contribution to the total loss rate.

The same conclusion for CF follows from a study of its
time constants. The decay time constant for CF radicals in
100 mTorr CHF3 with ~CFx)n covered electrodes, was found
to be about three times larger than the decay time const
for CF2 at the same conditions. This is in contrast to th
behavior observed in CF4 plasmas at 50 mTorr with clean
electrodes by Boothet al.,1 who found that the CF decay
time constant is about five times lower than the one fo
CF2. It has been established that the decay rate increases
almost a factor of 2 if the electrode is cleaned thorough

FIG. 9. The buildup and decay rates of CF2 in a CHF3 plasma as a function
of the gas pressure. Both buildup and decay appear to be faster at hig
pressures in CHF3.

FIG. 10. The buildup and decay rates of CF2 in a CF4 plasma as a function
of the gas pressure. In contrast to the behavior in CHF3 , the buildup and
decay appear to slow down at higher pressure.
JVST A - Vacuum, Surfaces, and Films
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~using a CF4 plasma! before a low pressure CHF3 plasma is
started. With a clean electrode the CF density is lower, as
shown in Fig. 5. The buildup rate for CF was found to be
equal to the value found for CF2and it is six to eight times
faster than the CF loss rate. However, this rate is still almost
an order of magnitude slower than the decay rate found by
Booth et al.1 This is most likely due to a lower sticking co-
efficient of CF on~CFx)n-covered surfaces as compared to
on clean aluminum surfaces, as was observed for CF2.

V. CONCLUSIONS

Infrared absorption measurements using a tunable diode
laser spectrometer were performed to yield space and time
resolved densities of CF, CF2, and CF3 in rf plasmas of
CF4 and CHF3 at 13.56 MHz. Axial density profiles indicate
that radicals are produced in the sheath region. Since al
CFx radicals show enhanced densities in the sheath, chemica
sputtering is ruled out as a possible production mechanism
for radicals at the surface. It is proposed that ion–molecule
reactions in the sheath produce these radicals. There is ver
little surface loss of the CF and CF2 radicals if the electrodes
are covered by a~CFx!n layer, e.g., in a high pressure~;300
mTorr! CHF3 discharge. In the presence of clean metallic
electrodes, e.g., in a CF4 plasma, there is significant surface
loss of radicals. For aluminum electrodes this results in a
reduced radical density and a shorter decay time in the
plasma afterglow. For copper electrodes surface loss be
comes dominant, which results in a depletion of the radical
densities near the electrodes.
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